ABSTRACT In this study, we have produced nanotextured poly(lactic-co-glycolic acid) (PLGA) films by using polystyrene (PS) particles as a template to make a polydimethylsiloxane (PDMS) mold against which PLGA is solvent cast. Biocompatible, biodegradable and nanotextured PLGA films were prepared with PS particles of diameter of 57, 99, 210, and 280 nm that produced domes of the same dimension in the PLGA surface. The effect of the particulate monolayer templating method was investigated to enable preparation of the films with uniformly ordered surface nanodomes.
Cell attachment of a human ovarian cancer cell line (OVCAR3) alone and co-cultured with mesenchymal stem cells (MSC) was evaluated on flat and topographically nano-patterned surfaces. Cell numbers were observed to increase on the nanotextured surfaces compared to nontextured surfaces both with OVCAR3 cultures and OVCAR3-MSC co-cultures at 24 and 48 hour time points.
INTRODUCTION
Nanotexturing of biomaterials has been widely used to mimic the extracellular matrix and is currently an approach used to modulate, isolate and optimize the response of the cells for multiple applications in regenerative medicine and cancer therapeutics. (Zhang and Webster 2012) Previous studies of the topographical influence of cell-material attachment have been carried out with geometries including grooves, wells, pits, and protrusions on a diverse range of materials.
The results for mature cells including cancer cells show that they respond to nano-and microtextured biomaterial surfaces, where changes in cell adhesion, proliferation, orientation, alignment, migration and morphology were all observed. (Curtis and Wilkinson 1997 , Sarna et al 2009 , Flemming et al 1999 , Andersson et al 2003 , Matsuzaka et al 2003 , Recknor et al 2004 , Miller et al 2007 , Falconnet et al 2006 , Martinez et al 2009 , Lamers et al 2010 , Zhang and Webster 2012 , Hsu et al 2005 These textured biomaterials may mimic in vivo microenvironments, and thus enable modelling of cell-cell and cell-extracellular matrix interactions and modulation of cell-surface interactions. (Ng et al 2012 , Craighead et al 1998 , Martinez et al 2009 , Dalby et al 2004 Although there are numerous studies on textured materials, the complexity of their role in controlling cell interactions and cell responses is still yet not fully understood and hence is impossible to predict without carrying out the individual cell studies. Also the response mechanisms of different cell lines to textured surfaces are not well defined. (Zhang and Webster 2012 , Andersson et al 2003 , Lamers et al 2010 , Miller et al 2007 , Martinez et al 2009 , Hsu et al 2005 Hence in this study, we have focused on fabrication, characterization and cell culture studies of hemispherical protrusions to provide nanotextured biodegradable biomaterials to characterize the ovarian cancer cell response to this surface topography. We have focused on fabrication of large scale (1 cm x 1 cm), defect-free textured surfaces with various protrusion dimensions, and their impact on ovarian cancer cell attachment.
Hemispherical protrusion shaped nanotextured materials were manufactured using a colloidal particle lithography technique employing polystyrene (PS) particles with the diameters from 57 to 280 nm. The PS templates were prepared by using two methods, the first as described in Zhang and Webster's study (Zhang and Webster 2012) which enabled formation of a multilayered templates, and a second approach (Ogaki et al 2010) by using self-assembly of PS particles at an air-water interface which produced mono-layered particles reducing the occurrence of step edges in the nano imprinted polymer surfaces. The latter method has not been used before to prepare biomaterial surfaces. The PS templates were used to form a negative relief in polydimethylsiloxane (PDMS) from which replication of the particulate topography was obtained in the biodegradable poly(lactic-co-glycolic acid) (PLGA) films (Figure 1 ).
Figure 1.
A schematic representation for preparation of the PLGA films. Surface morphologies of the PS particles were transferred to PDMS templates as inverse molds. By using PDMS molds, PLGA films were obtained. A. Preparation of multi-layered PLGA films. With this method, step edges on the surface between areas of disorder were observed. B. Preparation of mono-layered PLGA films. With this method, no other surface morphology was observed other than nanotexturing.
Atomic force microscopy (AFM) was used to characterize the topography, X-ray photoelectron spectroscopy (XPS) to analyze surface chemistry, and contact angle to measure the surface wettability.
Cell attachment on PLGA films was evaluated with an ovarian cancer cell line, OVCAR3, and OVCAR3 co-cultured with MSC. Specifically, the cell responses to non-textured PLGA films and nanotextured PLGA films were compared. With ovarian and other cancer types, the presence of a viable stem cell niche i.e. MSCs is critical to tumor growth and invasion, conferring a metastatic phenotype and chemo-and radio-resistance. Indeed, co-culturing the OVCAR3's with MSC's provides more disease relevance and appropriate cell:cell interactions. Specifically MCS's will differentiate into fibroblasts, thereby providing increased opportunity for cancer cell anchorage. (Touboul et al 2013 , Lehmann et al 2011 , Haller et al 2000 Materials and methods Preparation of polystyrene (PS) templates a) Multi-layer PS templates Multi-layer PS templates were prepared as described previously Webster 2012, Carpenter et al 2008) ; borosilicate glass coverslips (18 mm in diameter, Fisher) were cleaned and degreased by acetone, ethanol (70%) and dH 2 O. Then PS suspensions (300 µL, 10wt%, Bangs Labs) with the diameters of 57 nm, 99 nm, 210 nm or 280 nm were pipetted onto the coverslips, and vacuum desiccated to remove the solvent (~2 days). b) Mono-layer PS templates Mono-layer PS templates were prepared as described previously (Rybczynski et al 2003 , Ogaki et al 2010 . Silicon wafers (Sigma-Aldrich) were cut to small (~1 x 1 cm 2 ) and large (~1 x 3 cm 2 ) sizes and sonicated with ethanol. Afterwards they were washed several times with Milli-Q water (Millipore, resistibility of 18.2 MΩ cm -1 at 25 °C), and blown dry with nitrogen at room temperature. After drying, the silicon wafers were exposed to UV to increase wafer hydrophilicity for 20 minutes (UV/Ozone ProCleaner, BioForce Nanosciences, Inc.). The large silicon wafer was placed in a petri dish at an inclined plane, and the Petri dish was filled with Milli-Q water. PS particle suspension (100 µL, 10 wt%) was mixed with an equal amount of ethanol. This mixture was applied slowly over the large silicon wafer to water surface using an Eppendorf pipette, the silicon wafer was then slowly submerged in the water. To obtain hexagonal close packed particles, a dodecylsodiumsulfate (SDS) solution (2%, ~10 µL) was added to Petri dish. The PS mono-layers on the water-air interface were then lifted off from the water surface by using the small-size silicon wafer, and were dried at room temperature. The surfaces were prepared by using PS particles with the diameters of 99 nm, 210 nm or 280 nm.
Preparation of poly(dimethysiloxane) (PDMS) templates PDMS (Sylgard 184 silicone
elastomer, Dow Corning) was mixed thoroughly (curing agent: base, 3.5 mL: 26.5 mL), and then centrifuged for 15 min at 2000 rpm. It was poured over the PS coated coverslips (or silicon wafers) placed in a borosilicate glass Petri dish, residual bubbles were removed by vacuum extraction and the wafer was heated to 40 °C for 2 h to accelerate the curing process. Once cooled, the PDMS template was separated from PS template. The PDMS template was washed with acetone to remove the remaining PS particles on the surface.
Preparation of poly(lactic-co-glycolic acid) (PLGA) films
PLGA (1g, 50:50 PLA/PGA, 7000-17000; Sigma Aldrich) was dissolved in chloroform (10 mL), and poured over the PDMS molds, then placed into a vacuum desiccator to avoid bubble formation. After allowing evaporation of the solvent for 48 h, PLGA films were peeled off from the molds and placed on glass coverslips. To remove the residual PDMS, PLGA films were washed with hexane (Sigma-Aldrich). For control studies, non-textured PDMS and PLGA films were prepared without PS beads following the procedure described above.
AFM studies
Topography images and analysis (section and bearing) of PS, PDMS and PLGA films were obtained in air using a D3000 Atomic force microscopy (AFM) instrument with a NanoScope IIIa controller (Bruker) operating in Tapping™ mode. RTESPA AFM probes (nominal resonant mechanical frequency: 300 kHz, spring constant: 40 N/m, Bruker) were used, and images were acquired using an E-scanner, at scan rates between 0.6-1 Hz, with a resolution of 512 x 512 pixels. Image data was analyzed, section and bearing analysis were carried by NanoScope Analysis software-Version 1.20 (Bruker).
Optical microscopy studies
The samples were viewed using an optical microscope (Prior Scientific Instruments Ltd.)
equipped with a digital camera (QICAM Fast 1394, QImaging).
Water contact angle measurements
Water contact angle measurements of the films were measured by a Krüss DSA 100 instrument by dispersing an ultrapure Milli-Q water droplet (Millipore, resistibility of 18.2 MΩ cm -1 at 25 °C) with a volume of ~400 pL.
X-ray photoelectron spectroscopy (XPS) measurements
The samples were analyzed using XPS in order to determine surface elemental composition using a Kratos AXIS Ultra Spectrometer (Kratos Analytical, Manchester, UK) with a monochromatic Al Kα X-ray source (1486.6 eV) operated at 10 mA emission current and 12 kV anode potential. The ULTRA was used in fixed analyzed transmission (FAT) mode, a pass energy of 80 eV was used for the wide scans, and 20 eV for the high resolution scans. Data analysis was carried out using CASAXPS software with empirically derived sensitivity factors to determine the composition (atomic percent) from the peak areas. The photoelectrons were collected normal to the sample surface. The measurements were carried only with a mono-layer textured 280 nm films and non-textured films which had been cast against a flat PDMS mold.
The residual PDMS layer thickness over the mono-layered 280 nm textured PLGA films and the non-textured films were calculated by using the silicon signal in the XPS data. Topofactors for hemispheres were used to calculate the equivalent conformal PDMS thickness of the textured surfaces. (Shard et al 2009 , Shard 2012 Human ovarian carcinoma cell and mesenchymal stem cell adhesion assay 
Statistical analysis
The validation and analysis of cell attachment data was carried out in SPSS 21, (IBM) using
Wilcoxon signed ranks test. Other statistical analysis was performed by a two sample t-test assuming both equal and unequal variances. Statistical significance was accepted at p < 0.05.
RESULTS
In these studies we have focused on fabricating regular nanotextured and defect-free materials over large lengths scales compatible with the cell culture experiments (1 cm x 1 cm).
Nanotextured surfaces prepared from multi-layer PS templates
Utilizing the Zhang and Webster method (Zhang and Webster 2012), we successfully produced PDMS templates from multi-layers of PS spheres. Using AFM imaging, we determined that the form of the PS templates were transferred to PDMS templates and then to the PLGA films ( Figure 2 ). This data also indicated that the diameters of the features in PS templates and PLGA films remained unchanged during the fabrication process of the films. (See also Figure S3 , ESI). From the AFM images of the PS particles, the PDMS mold and the PLGA surfaces presented in Figure 2 , hexagonal close packing of the particles is evident for the 210 and 280 nm assemblies, but this was accompanied by retention of PS particles in the structure imprinted in to the silicone mold for the 99 nm surface and the order was not present in the 57 nm beads.
AFM studies with larger scan areas (8 µm x 8 µm) indicated the presence of flat layers of particles, separated by step edges between areas of disorder in the PLGA films ( Figure 3 ). These step edges were attributed to the formation of multi-layers during PS template preparation ( Figure S4 , ESI). By analysis of the AFM images, the percentage of the protrusions by boundary structures in the PDMS surfaces was found to be up to ~7% of the overall scan area. Representative AFM images of multi-layered and mono-layered silicone mold surfaces. For multilayered surfaces (A), surface irregularities on the surface were observed. For the PDMS surfaces prepared from 280 nm multi-layer templates, the area occupied by boundary structures (B, the area in blue) was 7.1%. No boundary structures were observed for the PDMS surfaces prepared from 280 nm mono-layer templates (C). 8 µm x 8 µm scan.
Nanotextured surfaces prepared from mono-layer PS templates
In an alternative method, adapted from Ogaki et al (Ogaki et al 2010) , PS templates were prepared by self-assembly of the PS beads on the water-air interface; a single layer of PS particles were spread on the wafer during the preparation of the templates. Mono-layered PS templates were prepared from beads with the diameters of 280 nm, 210 nm and 99 nm, but 57 nm particles did not prove effective. (Figure S5 , ESI) For the templates prepared from 280 nm and 210 nm, AFM results indicated that PS mono-layer templates were prepared successfully, without the retained particles as found in the multilayer molding, and the nanotexturing was again transferred to PDMS and PLGA films. For 99 nm templates prepared by this new method, multi-layers were observed and surface regularity was disrupted compared to larger particle diameters. (Figure 4 ) For 210 nm and 280 nm PS particles, step edges were not observed on the surfaces ( Figure S6 , ESI). Optical microscopy images have also confirmed the elimination of the macroscopic defects ( Figure S7 ).
Figure 4. AFM topography images of PS surfaces (A), PDMS surfaces (B)
, and PLGA films (C) prepared from mono-layered PS templates. The surfaces were prepared by use of 280 nm, 210 nm, and 99 nm PS beads. All images were 2 µm x 2 µm.
When AFM data obtained from both methods with different PS particle diameters were considered, the films prepared from mono-layer 280 nm particles formed defect free highly ordered hexagonal packing both over small and large scales. The presence of step edges and nano-grooves were fully eliminated, as well as macroscopic non-ordered cracks. For these reasons, PLGA surfaces prepared from mono-layered 280 nm templates were selected for further characterization.
XPS and water contact angle measurements
Since chemistry, as well as topography, effect cell response to materials, XPS studies were carried out with the PLGA samples to determine whether the samples have similar chemistries after a hexane wash to reduce PDMS residuals. The studies were undertaken with textured and non-textured PLGA surfaces as well as a PLGA powder reference. XPS data indicated the presence of silicon at a similar thickness in textured (1.2 + 0.3 nm) and non-textured (1.0 + 0.1 nm) surfaces. (Table 1 ) This was assigned to PDMS oligomers carried over from the silicone mold. All other spectral features where equivalent in the textured and non-textured surfaces indicating chemical equivalence. Table 1 . XPS results, PDMS thickness calculations with and without topofactor correction, and contact angle measurements of the samples. The studies carried out with nanotextured PLGA films prepared from mono-layered 280 nm templates, and non-textured PLGA films after a hexane wash of the samples. For XPS studies, PLGA powder was also analyzed as a reference. The conformal coating thickness of PDMS was calculated using the stoichiometry of PDMS and a topofactor correction for the particle topography developed by Shard. ( Overlayer PDMS thickness on PLGA particles were calculated from XPS data with the method described previously (Shard et al 2009) . By using the topofactors given for the hemispheres, the equivalent conformal thickness was calculated via the thickness of PDMS as for a flat sample.
According to the calculations, both flat samples and topofactor corrected textured surfaces have ~1 nm overlayer PDMS remaining. A two sample t-test was carried on the film PDMS film thicknesses and the P value was found to be 0.09, indicating that there was no statistical significance between the textured and non-textured films.
Contact angle measurements indicated that the wettability values of the surfaces were similar.
In both surfaces, contact angle values were found higher than 90°, which indicates that the wetting of the surfaces were poor, and the surfaces were hydrophobic (Table 1) .
Cell culture studies
OVCAR3 cells were studied in monoculture and in co-culture with MSC's in order to assess their response to 280 nm hemispherical topographies. Cell culture studies were carried out with PLGA surfaces prepared from mono-layered 280 nm templates and non-textured flat PLGA surfaces.
Flat plate wells (tissue culture plastic only with no other added matrix/wafer/gel) were used for control studies. OVCAR3, and OVCAR3 seeded with MSCs at a 1:1 ratio were cultured onto the surfaces. In the study, attachment of the cells to the films at 4 th hour, 24 th hour and 48 th hour were studied.
OVCAR3 alone
It was observed that OVCAR3 cells were adhered to the surfaces by 4 hours and the mean number of cells attached per wafer were similar for both textured and non-textured surfaces but less than the flat plate well, cell culture plastic control ( Figure 5 , Figure S8 , ESI). The mean number of cells per wafer increased for both textured and non-textured surfaces over time, however in the flat plate well cell culture control, a decrease was observed after 24 hours with OVCAR3's probably due to having reached confluency and then overgrowth of the cells on the well plate. The mean number of cells per wafer were higher on textured surfaces as compared to non-textured surfaces at the 24 and 48 hour time points and were significantly greater (p < 0.05) at the 24 hour time point. Also the cells at these time points were clustered in islets on the tissue culture plate control and wafers indicative of proliferation ( Figure S8 ).
OVCAR3 co-cultured with MSCs
In the studies with OVCAR3 seeded 1:1 with MSC cell lines, again it was found that the cells were adhered to all surfaces by 4 hours and that the mean number of cells adhered per wafer were similar for both textured and non-textured surfaces but less than the flat plate well ( Figure   S9 , ESI). Again, a decrease in the mean number of cells for the flat well plate at 24 hours was observed ( Figure 5 ). The mean number of cells per wafer were significantly greater (p < 0.05) on textured surfaces as compared to the non-textured surface at 24 and 48 hour time points. Again, our results demonstrate that textured surfaces promote cell attachment compared to non-textured surfaces beyond the 4 th hour and also the cells at these time points were clustered in islets on the tissue culture plate control and wafers indicative of proliferation ( Figure S9 ). .
DISCUSSION
There has been recent interest in the use of biomaterials to modulate cancer cell adhesion (Islam et al 2015 , Hartman et al 2010 , Kim et al 2013 , Sharma et al 2014 , Wan et al 2012 Motivated by the few studies in this area and to our knowledge none with ovarian cancer cells, we investigated the modulation of ovarian cancer cell adhesion fabricating novel regularly nanotextured and defect-free materials over large lengths scales. Indeed, neither of these factors has been explored to date. Our first method of nanotexturing was to use a colloidal lithography approach similar to that reported by Zhang and Webster (Zhang and Webster 2012) where we observed with AFM, step edges in PLGA films as a result of formation of multi-layers during PS template preparation (Figures 2 and 3 ). These step-edges appear to be points of weakness in the interparticulate bonding, and resulted in PS particulate transfer to PDMS along these edges and subsequently PLGA films. Since it has been reported that cells can be aligned with surface features (known as "contact guidance") (Wilkinson et al 2002 , Rajnicek et al 1997 , Flemming et al 1999 , Curtis and Wilkinson 1997 , we then sort to find another colloidal lithography that could remove these features in the topography. Eliminating this response of the cells to nonordered topography, allows study of cell response to nanotextured substrates only and to achieve this mono-layer PS templates were prepared. Monolayers of PS particles have been reported previously (Ogaki et al 2010) , however here for the first time we used these to template nanotexture into PLGA surfaces for a biomaterial application. We found that we could create defect free nanotextured surfaces with nanotextured domes either 210 nm or 280 nm in diameter.
However when smaller PS particle diameters were used in template preparation (99 nm and 57 nm), the order of small scale nanotexturing was disrupted. With this method, hexagonal packing is achieved by addition of SDS and indeed the particle diameters and SDS solution concentrations are crucial. Hence only the nanotextured surfaces with 280 nm nanotextured domes were progressed further where these films and a flat surface control were rigorously characterized using XPS and contact angle measurements. These measurements proved chemical equivalence in surface chemistry and hence we can be certain that any difference in cell response is due to topography i.e. nanotexturing.
Using these 280 nm nanotextured defect free films and a flat surface control of chemical equivalence, we then progressed to evaluating OVCAR3 cell adhesion on these films, in monoculture and in co-culture with MSCs. Our data shows that OVCAR3 cell adhesion, whether in monoculture or co-cultured with MSCs, to all surfaces and similarities between textured and non-textured surfaces at the four hour time point as also reported by Zhang and Webster (Zhang and Webster 2012) for breast cancer cells. It should also be noted that these cell attachment studies are also the first to our knowledge using a co-culture with MSCs.
However at 24 and 48 hour time points, our results demonstrated that textured surfaces have more cells attached compared to non-textured surfaces when alone or co-cultured with MSCs.
Our data is in agreement with previous studies with cell lines where reported changes in cell attachment were observed compared to non-textured surfaces. In some papers, a decrease in cell adhesion/proliferation was reported due to texturing (Wilkinson et al 2002 , Curtis et al 2001 , and oppositely some reported an increase in cell adhesion/proliferation (Miller et al 2007 , Carpenter et al 2008 as was observed in our studies.
CONCLUSIONS
In this study, we aimed to investigate the effect of hemispherical protrusion surface topographies on ovarian cancer cell adhesion. For this purpose, flat and nanotextured PLGA films obtained from (1) mono-layered and (2) multi-layered PS templates were characterized by AFM and optical microscope.
According to our results:
 Films obtained from multi-layered templates had non-ordered, uncontrolled surface topographies (macroscopic structures and step edges).
 Films obtained from monolayered templates were defect-free at large length scales, and demonstrated nanotexturing in small scale. However it was found that when the PS particle diameters for template preparation decreased to 99 nm and 57 nm, the order of small scale nanotexturing was disrupted.
 Whilst in the cancer cell adhesion studies, OVCAR3 seeded alone, and seeded with Hemispherical protrusion shaped nanotextured materials were manufactured using a colloidal particle lithography technique and characterized using AFM. Cell attachment of a human ovarian cancer cell line (OVCAR3) on these nano-patterned surfaces was greater as compared to a flat, non-textured control for 24 and 48 hour time points A schematic representation of the colloidal particle lithography technique and associated AFM images: Polystyrene surfaces (A), polydimethylsiloxane surfaces (B), and poly(lactic-co-glycolic acid) surfaces (C).
